Enhanced biological phosphorus removal (EBPR) is a globally important biotechnological 19 process and relies on the massive accumulation of phosphate within special microorganisms. 20 Candidatus Accumulibacter conform to the classical physiology model for polyphosphate 21 accumulating organisms and are widely believed to be the most important player for the 22 33 34 Keywords: Polyphosphate accumulating organisms, Raman microspectroscopy, Fluorescence 35 in-situ hybridization, enhanced biological phosphorus removal 36 37 109 in these systems. 110 111 Materials and Methods 112
process in full-scale EBPR systems. However, it was impossible till now to quantify the 23 contribution of specific microbial clades to EBPR. In this study, we have developed a new tool 24 to directly link the identity of microbial cells to the absolute quantification of intracellular 25 poly-P and other polymers under in situ conditions, and applied it to eight full-scale EBPR 26 plants. Besides Ca. Accumulibacter, members of the genus Tetrasphaera were found to be 27 important microbes for P accumulation, and in six plants they were the most important. As 28 these Tetrasphaera cells did not exhibit the classical phenotype of poly-P accumulating 29 microbes, our entire understanding of the microbiology of the EBPR process has to be revised. 30 Furthermore, our new single-cell approach can now also be applied to quantify storage 31 polymer dynamics in individual populations in situ in other ecosystems and might become a 32 valuable tool for many environmental microbiologists.
Introduction 38 While the demand for phosphorus (P) is strongly increasing with the growing human 39 population, global P reserves are limited, present in only few countries, and getting 40 increasingly more difficult to access 1, 2 . Given the vital importance of P as a fertilizer in food 41 production, its global scarcity is likely to become one of the greatest challenges of the 21 st 42 century. On the other hand, the anthropogenic release of P is a major threat to the 43 environment as it is a main driver of eutrophication, with major contributions from agriculture 44 and untreated or not sufficiently treated wastewater 3 . 45 Removal of P from wastewater in modern treatment plants can make an important 46 contribution to addressing these global problems. Efficient removal of P from wastewater can 47 prevent eutrophication in sensitive water bodies and the removed P can be applied as 48 fertilizer 4 . Enhanced biological phosphorus removal (EBPR) is an important biological process 49 in wastewater treatment where P can be removed without addition of chemicals 5, 6 . EBPR 50 exploits the capability of certain microorganisms, termed polyphosphate accumulating 51 organisms (PAO), to store large quantities of orthophosphate (ortho-P) intracellularly as 52 polyphosphate (poly-P). This P-enriched biomass can be removed from the treated 53 wastewater as surplus sludge and used directly as fertilizer or for recovery of P. 54 In EBPR systems, PAO are selected for by introducing alternating anaerobic-aerobic 55 conditions 7 . Under anaerobic conditions, PAO use poly-P as energy source to take up organic 56 substrate and convert it to storage compounds, while under subsequent aerobic conditions, 57 they accumulate large amounts of ortho-P from the wastewater as poly-P and respire the 58 previously stored organic substrate. By removing biomass after the aerobic phase, poly-P can 59 be harvested in waste water treatment plants (WWTPs). Several genera have been proposed 60 as potential PAO, but only members of the betaproteobacterial genus Candidatus 61 Accumulibacter 8, 9 and the actinobacterial genus Tetrasphaera 10, 11 are consistently found in 62 high abundance in full-scale EBPR plants 12 . 63 Interestingly, these two PAO occupy different ecological niches within EBPR plants. Ca. 64 Accumulibacter, for which no pure culture is available, have been intensively investigated in 65 lab-scale enrichment cultures with in situ and meta-omic based expression studies to verify 66 their proposed physiology 13, 14, 15, 16 . During anaerobic periods, Ca. Accumulibacter takes up 67 volatile fatty acids (VFAs), such as acetate, and stores them as intracellular 68 polyhydroxyalkanoates (PHAs), with the expenditure of energy generated from the hydrolysis 69 and release of intracellular poly-P reserves. Hydrolysis of glycogen stores provides additional 70 energy and the reducing power required for PHA storage 17 . In subsequent aerobic periods, 71 intracellular PHAs are respired to provide energy for cellular metabolism, glycogen generation 72 as well as ortho-P uptake to replenish the poly-P reserves 17 . Species in the genus 73 Tetrasphaera are much less studied and their physiology is still poorly understood. Members 74 of the genus have a diverse physiology that includes aerobic respiration, denitrification and 75 fermentation. In the absence of oxygen, aerobically stored polyphosphate provides an 76 additional energy source 17, 7 . Annotation of representative genomes for the genus suggests 77 that glucose could be stored as glycogen (but not PHAs) under anaerobic conditions, and 78 some un-polymerised fermentation products and amino acids have been shown to 79 accumulate in the cell. Under subsequent aerobic conditions, glycogen and accumulated 80 intracellular substrates are suggested to be utilized for growth and the replenishment of poly-81 P reserves 18; 19 . 82 Despite the global relevance of the EBPR process, the actual contributions of Ca. 83 Accumulibacter and Tetrasphaera sp., respectively, to bulk P removal are still unknown as no 84 technique was available for quantifying clade-specific contributions to the EBPR process. For 85 such measurements not only the in situ abundances of PAO clades must be determined, but 86 also quantitative in situ determinations of their intracellular P content at the different stages 87 and conditions of the EBPR process are necessary. Poly-P is difficult to quantify and is usually 88 analyzed after extraction 20 , which makes it impossible to quantify the poly-P content in 89 specific microbial populations. Instead microscopy-based single cell methods are needed, 90 such as staining of poly-P using 4',6-diamidino-2-phenylindole (DAPI) 21 or Neisser 8 . However, 91 these staining methods have only been applied to yield qualitative information or relative 92 quantitative estimates and their specificity towards poly-P is questionable -e.g. the DAPI -93 RNA complex is known to interfere with poly-P fluorometric quantification 20 . 94 During the last decade, Raman microspectroscopy has increasingly been used to investigate 95 physiological features of individual microbial cells in complex environmental samples 22, 23, 24, 96 25 . In addition to single cell isotope labelling studies, the identification and quantification of 97 intracellular storage polymers by this vibrational spectroscopic technique can provide useful 98 information for microbiologists 26, 27, 28 . Raman microspectroscopy has recently been applied 99 to monitor glycogen, polyhydroxyalkanoates (PHA), and poly-P in randomly selected microbial 100 cells from EBPR systems 29, 30, 31 , but has not yet been used for absolute quantification of these 101 storage polymers. Furthermore, simultaneous identification of the Raman-analyzed cells in 102 EBPR plant biomass by fluorescence in situ hybridization (FISH), which is necessary to assign 103 in situ storage patterns to specific PAO clades, has not yet been performed. 104 In this study we developed a Raman microspectroscopy-based quantitative approach to 105 determine the levels and dynamics of intracellular polyphosphate and other storage polymers 106 (PHA and glycogen) in FISH-identified Tetrasphaera and Ca. Accumulibacter cells. This 107 approach was applied to reveal which of these PAO is most important for P removal in eight 108 full-scale EBPR treatment plants and to validate the suggested models of their ecophysiology
The activated sludge isolate Tetrasphaera elongata strain Lp2 (DSM 14184) was grown 114 aerobically in modified R2A medium (starch and sodium pyruvate were excluded and glucose 115 was main substrate) at 26⁰C. The Acinetobacter junii culture (DSM 14698) that was used for 116 investigating cell fixation effects on intracellular poly-P content was grown on nutrient agar 117 (beef extract 3 g l -1 peptone, 5 g l -1 , agar 15 g l -1 ). 118 Eight different WWTP were investigated in this study. Details about their design, operation, 119 and performance are given in Table S1 and S2. All plants had stable P removal in the sampling 120 period with average effluent P concentrations below 1 mg P l -1 . All plants had minor addition 121 of iron salts to support the EBPR process (molar ration of Fe-dosage/incoming total P of <0.5). recorded and processed using the LabSpec version 6.4 software (Horiba Scientific, France). All 192 spectra were baseline corrected using a 6 th order polynomial fit and the cosmic ray 193 interferences were removed using the cosmic ray removal feature in the software. All spectra 194 were averages of two individual spectra with 10 s integration time. The Raman spectrometer 195 was calibrated before all measurements to the first-order signal of a silicon wafer occurring 196 at 520.7 cm -1 . All Raman sample measurements were conducted on optically polished CaF2 197 windows (Crystran, UK), which produces a single strong Raman signal at 321 cm -1 , that also 198 serves as an internal reference point in every spectrum. where k is the calibration coefficient (g/μm 2 /count), ΣS is the cumulative analyte Raman signal 228 strength (counts) and N is the total spectra sampling points in the designated map area. 229 Rearrangement gives k:
The area of the mapped droplet was calculated by ImageJ software and was estimated to be 232 324,473 μm 2 (Fig. S4 ) 37 . The total mapped area contained 1452 individual spectra. The 233 cumulative poly-P Raman signal strength at the Raman marker wavenumber (1170 cm -1 ) 234 recorded for the scanned area was 450,042 CCD counts. This gives a k for poly-P for this 235 particular set of conditions of 4.98 ± 0.2 * 10 -16 g P μm -2 count -1 (n = 6). Analysis of PHA and glycogen 253 Absolute quantification of PHA and glycogen was conducted using the same approach as for 254 poly-P. Poly-3-hydroxybutyric acid-co-3-hydroxyvaleric acid dissolved in CHCl3 and glycogen 255 dissolved in water were mounted on CaF2 Raman windows in a range of densities to estimate 256 their calibration coefficients. PHB-co-HV and glycogen droplets were Raman mapped as 257 described above and k-values were determined to be 1.04 ± 0.1 * 10 -14 g C μm -2 counts -1 and 258 2.37 ± 0.2 * 10 -15 g C μm -2 counts -1 , respectively. PHAs produce characteristic Raman peaks at 259 432 cm -1 , 840 cm -1 , and 1726 cm -1 , respectively, that are attributed to δ (C-C) skeletal for Raman analysis using the LabSpec 6.4 software. As the fluorescent signal from the Cy3 293 label interferes with the Raman signal the former was subsequently bleached as previously 294 described 43 . To achieve this, the 532.17 nm Raman laser, set at the intensity used for sample 295 analysis, was shone on the analysed area of the sample for 5 min (Fig. S6 ). The Raman signal 296 from FISH-identified-cells of interest was then acquired with the same settings as described 297 for the pure culture analyses. T. elongata is one of the few known PAO that exist in pure culture and it was thus selected to 343 test for qualitative and quantitative assessment of its intracellular storage polymers using 344 Raman microspectroscopy. However, it should be noted that T. elongata is closely related but 345 not identical to Tetrasphaera strains found in full-scale WWTPs 37 . T. elongata cultures 346 showed the typical ortho-P uptake/release patterns of a PAO during sequential feed-famine 347 cycling (Fig. 1A) . The increase of bulk liquid ortho-P concentration during the anaerobic "feed" 348 conditions was coupled to uptake of organic substrate from the bulk medium, reflected by 349 the decrease of COD. The drop in ortho-P levels in the bulk medium during the aerobic 350 conditions was reflected by a strong increase of poly-P in T. elongata cells (see below). 351 Raman microspectoscopy was applied to measure the intracellular poly-P storage at different 352 stages of the feed-famine cycling. As expected, the average poly-P content decreased during 353 anaerobic conditions and increased during aerobic famine conditions. (Fig. 1B) . The changes 354 in the bulk P concentration and the dynamics of the intracellular P throughout the experiment 355 is corroborating evidence that the P changes in the bulk medium were due to the release and P content at the end of the anaerobic (3 h) and aerobic (7 h) stages was 0.19*10 -13 g P cell -1 360 and 1.2*10 -13 g P cell -1 , respectively (calculations in Supplementary text -4). The broad 361 distribution of intracellular poly-P contents in the aerobic stage shows population 362 heterogeneity in the capability to store poly-P, perhaps due to variation in growth stages or 363 different strains covered by the broad probe. Based on these calculations, the average 364 intracellular poly-P during the aerobic phase corresponded to 8.0 mg P l -1 . The difference in 365 this value to the same estimation from bulk ortho-P levels of 9.3 mg P l -1 is likely explained by 366 the incorporation of some of the ortho-P into the biomass during growth. 367 These results demonstrate the utility of Raman microspectroscopy for the direct 368 quantification of intracellular poly-P and the analysis of its storage dynamics under in situ 369 conditions. Previous studies have studied such dynamics only in a relative manner, with the 370 P-content normalized to the biomass using a biomass marker (amide I at 1660 cm -1 ) 30 . Other 371 qualitative imaging-based assessments of poly-P inclusions such as DAPI staining 51 have their 372 inherent disadvantages due to their inability to quantify the levels of poly-P accumulation and 373 their non-specific binding to other cellular components such as lipids and nucleic acids 20,52 . 374 Surprisingly and inconsistent with the metabolic model inferred from comparative genomics, 375 we could not detect glycogen in T. elongata by Raman microspectroscopy at any stage of the 376 P-uptake/release experiments (Fig. S7 ). (Fig. 3A, 3B and 3C) . These lab-scale P uptake/release experiments demonstrated 398 that in this activated sludge Ca. Accumulibacter cells were capable of storing at least three 399 times as much poly-P per cell compared to Tetrasphaera. However, as the cell volumes of the 400 two PAO types are very different, with Ca. Accumulibacter nearly three times larger than 401 Tetrasphaera (9.2±2.4 μm 3 and 2.9±1.1 μm 3 ), both PAO clades had very similar volumetric 402 average maximum P-contents of 0.70 * 10 -13 g P μm -3 and 0.68 * 10 -13 g P μm -3 , respectively. In accordance with the generally accepted metabolic model for PAO 17,7 , intracellular PHA and 410 glycogen in Ca. Accumulibacter showed a marked difference in Raman signal intensities 411 between the anaerobic and aerobic phase (Fig. 3D) . PHA accumulated during the anaerobic 412 feed phase and was consumed during the aerobic famine phase with glycogen showing the 413 opposite pattern. Consistent with the pure culture experiments with T. elongata and previous 414 literature data 11, 18, 19 , probe-defined Tetrasphaera cells in the activated sludge did not show 415 Raman signatures for PHAs during the P-cycling experiments. Surprisingly but consistent with 416 the pure culture data (Fig. S7) , no glycogen was detected in probe-defined Tetrasphaera in 417 activated sludge. Furthermore, no other potential storage compound detectable by Raman 418 spectroscopy was observed in T. elongata (Fig. S7) or in probe-defined Tetrasphaera in 419 activated sludge. Possibly, Tetrasphaera relies under anaerobic conditions on hydrolysis of 420 poly-P in addition to possible fermentation of glucose or amino acids for anaerobic growth, 421 and/or storage of these for subsequent growth and replenishment of poly-P during aerobic 422 conditions. Another possibility is that the presence of glycogen in Tetrasphaera, as reported 423 in other studies, is wrong. Hitherto, no glycogen specific analysis method has been employed 424 to quantify the polymer in its native state within single bacterial cells, including Tetrasphaera. 425 The glucose monomeric units measured after acid hydrolysis of cells were inferred to 426 originate from glycogen stored in cells in all of the previous studies 18 . This obviously is not 427 optimal due to the ubiquity of glucose and other similar sugars in the intracellular milieu, even Ca. Accumulibacter has generally been considered as the most important PAO in EBPR plants 439 world-wide 7 . However, recent investigations have indicated that Tetrasphaera are more 440 abundant in many full-scale plants 12 , but abundance data alone are insufficient to judge the 441 importance of a PAO for the EBPR process. As the ecophysiologies of these two PAO clades 442 appear to be very different, it is of primary importance to know what their actual relative 443 contributions to P removal in full-scale EBPR systems are, in order to lay the foundation for 444 knowledge-based optimization of plant design and operation. 445 In the current study, this key question was tackled by analyzing eight full-scale EBPR plants 446 representing two different designs (recirculating and alternating) that all have had good and 447 stable operation for several years 12 (Table S1 and S2). Bulk concentration of ortho-P in the 448 aerobic tank of all plants was 0.2-0.6 mg P l -1 , which was well below the maximum tolerated 449 effluent concentration of 1.0 mg P l -1 (see Table S1 ). In the different tanks of these EBPR 450 plants, the biovolume of Tetrasphaera and Ca. Accumulibacter and the amount of 451 intracellular poly-P, PHA, and glycogen in these PAO was measured by quantitative FISH and 452 FISH-Raman microspectroscopy, respectively. qFISH analyses showed that Ca. Accumulibacter 453 and Tetrasphaera were present in all plants in abundances of 1.2 to 6.6% (relative biovolume 454 of the target population to the total biovolume of all FISH-detectable cells). Tetrasphaera 455 outnumbered Ca. Accumulibacter in 5 of the 8 plants investigated (Fig. 3, Table 1 ). In 456 accordance with the result from the batch experiments (Fig. 3) , and the current EBPR model, 457 the level of intracellular poly-P in both PAO was lowest in the anaerobic tanks and highest in 458 the aerobic tanks. As predicted by the EBPR model, the PHA levels were also dynamic in Ca. 459 Accumulibacter with highest levels in the anaerobic tank and lowest under oxic conditions, 460 reflecting uptake of short-chain fatty acids in the anaerobic tank and growth and respiration 461 in the oxic tank. Likewise, the intracellular glycogen content in Accumulibacter was lowest in 462 the anaerobic tanks and highest in the aerobic tanks, reflecting the production of reducing in the lab-scale experiment with activated sludge (1.77* 10 -13 g) with the highest value (1.5 * 485 10 -13 g P cell -1 ) recorded in the Egaa plant and the lowest value of 0.89 * 10 -13 g P cell -1 486 measured in the Viby plant ( Fig. 4 and Fig. S9 . The level of PHA uptake for Ca. Accumulibacter 487 cells was similar in all plants in the anaerobic tanks (0.9-1.4 * 10 -12 g C cell -1 ), corresponding 488 well to the maximum capacity seen in the lab-scale activated sludge experiment with surplus 489 substrate of 1.3 * 10 -12 g C cell -1 (Fig. 3) . PHA was subsequently consumed by Ca. 490 Accumulibacter in the anoxic denitrification and aerobic tanks. In some plants this process 491 occurred primarily under denitrifying conditions (Fig. S9) indicating differences in the 492 presence of denitrifying members of this genus 56, 18 . Consistently, the glycogen level of Ca. 493 Accumulibacter cells was highest in the aerobic tanks (0.7-0.9 * 10 -12 g C cell -1 ) and always 494 slightly lower than in the lab-scale experiment (Fig. 3) (1.1 * 10 -12 g C cell -1 ). The absence of 495 glycogen in detectable quantities throughout P-uptake/release experiments in T. elongata 496 monoculture experiments, and in situ in Tetrasphaera cells in activated sludge samples (in 497 contrast to Ca. Accumulibacter) demonstrates that glycogen did not act as a carbon reserve 498 during P-cycling in Tetrasphaera (limit of detection for analytes in this study was determined 499 as described in Supplementary text -5). The currently accepted standard model says that 500 glycogen should act as the carbon storage polymer, providing energy and reducing 501 equivalents to the uptake of P and storage as poly-P. This work does not conform to this 502 notion, but rather suggests that other cellular carbon reserves (such as fermentation products 503 or amino acids) may provide the reducing equivalents needed. Table 1 ). Our data also demonstrate that there is a relatively high 517 fraction of removed P in all plants that could either represent chemically precipitated P or be 518 assigned to the activity of yet undescribed PAO (see P mass balance calculations in 519 Supplementary text-6). Future studies might want to use a combination of the Raman 520 microspectroscopy approach developed here, the recently emerging Raman cell sorting 521 techniques 57 , and single cell genomics to hunt in a targeted manner for such not yet 522 discovered PAO. 523 In the next few years many EBPR plants will be build world-wide in order to improve effluent 524 quality of WWTP in a cost-effective and sustainable way and for the recovery of P from 525 wastewater. This study showed that the long-held view that members of Ca. Accumulibacter, 526 and their "classical PAO" physiology are driving EBPR must be significantly revised. Our study 527 demonstrates for the first time that the "non-classical" fermentative PAO Tetrasphaera are 528 contributing in the majority of the analysed plants more to EBPR than Ca. Accumulibacter and 529 future studies are now urgently needed to test this on a global scale. Furthermore, it will be 530 important to determine the affinity (half saturation coefficient for ortho-P) of both PAO clades 531 as promotion of the growth of high affinity PAO will be the desirable in plants with low P- (Cy3, red) , and the EUB probe mix (FLUOS, green). Ca. Accumulibacter appears cyan (overlap of hybridization signals from probe PAO651 (Cy5, blue) and the EUB probe mix (FLUOS, green) (Scale bar, 10 μm). White and red arrows indicate Tetrasphaera and Ca. Accumulibacter cells, respectively.
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Dynamics of storage compounds in Ca. Accumulibacter and Tetrasphaera in activated
Figure 4:
Dynamics of intracellular poly-P and PHA/glycogen in Ca. Accumulibacter and Tetrasphaera in the different process tanks in Hjørring (A) and Aalborg West (B) EBPR plants. Intracellular poly-P and intracellular PHA/glycogen are shown for Ca. Accumulibacter while no PHA or glycogen was found in Tetrasphaera and thus not shown. An, Hyd, DN, N and RAS denotes anaerobic, sidestream hydrolysis, denitrification, nitrification (aeration) tanks and return activated sludge, respectively. The numbers in each stage of the figures indicate the bulk ortho-P concentrations in mg P L -1 , mean ± SD in error bars, n = 100 individual probe defined random cells in each instance). 
